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INVESTIGATION OF ROUGHNESS-INDUCED 'IWRBULJiWT HEATING 

TO TEIE HL-10 MANNED LDTING ENTRY VEHICLF: 

AT A MACH NUMBER OF 8* 

By Philip E. Everhart and H. Harris Hamilton 
Langley Research Center 

7 ,  

SUMMARY 

An experimental investigation of a reentry configuration designated HL-10 
having a hypersonic lift-drag ratio of about lhas been conducted to determine 
the aerodynamic heating characteristics. The effects of roughness, angle of 

6 attack (0  5 a 5 60) ,  and Reynolds number (based on root chord) from 0.24 x 10 
to 6.38 x 10 6 are assessed. The roughness caused boundary-layer transition 
near the roughness location from angles of attack of 20' to 40° at Reynolds 
numbers of 2.70 x lo6 and 6.58 x lo6. The turbulent heating rates measured 
further rearward along the center line are in good agreement with a simple tur- 
bulent flat-plate theory in heating level, distribution, and variation with 
Reynolds number. The roughness had little effect on the heating over the ele- 
vons. 
to the rough model adjacent to the elevon location. 

Elevon deflections of l5O and 30' had little effect on the heat transfer 

INTRODUCTION 

Laminar heating characteristics for the HL-10 manned lifting entry vehicle 
at a Mach number of 8 are presented in reference 1 for Reynolds numbers (based 
on model root chord) from 0.24 x 106 to 2.70 x 106. 
tions the boundary layer on portions of the configuration may be turbulent 
rather than laminar. Therefore, the present investigation using a roughness 
band near the nose of the HL-10 was undertaken to obtain the turbulent heating 
characteristics of the configuration and the results are presented herein. 
investigation was made on an 8-inch calorimeter model in the Langley Mach 8 
variable-density tunnel at Reynolds numbers (based on model root chord) from 
0.24 x lo6 to 6.58 x lo6. 
600 and with elevon deflection angles of 00, l5', and 30°. 
with and without roughness elements on the model nose. 
center-line data with turbulent strip theory is also presented. 

For actual flight condi- 

The 

The model was tested at angles of attack from Oo to 
The tests were made 

A comparison of the 

*Title, Unclassified. 
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SYMBOLS 

C 

C W 

Dn 
h 

h0 

k 

m 

M 

NPr 

NSt 

P 

r 

RC 

R 

S 

t 

T 

U 

X,Y,Z 

a 

'e 

qr 

CL 

2 

chord, 8 inches 

specific heat of wall material 

nose diameter, 0.75 inch 

heat-transfer coefficient 

calculated laminar stagnation-point heat-transfer coefficient on 
sphere having same radius as nose 

thermal conductivity 

weight of skin per unit heated surface area 

Mach number 

Prandtl number 

Stanton number 

pressure 

radius of nose 

free-stream Reynolds number based on root chord 

Reynolds number 

surface distance from plane of symmetry 

time 

absolute temperature 

velocity 

model coordinates (see fig. l(a)) 

angle of attack (see fig. l(a)) 

elevon deflection angle in plane normal to hinge line, positive with 
trailing edge down 

Taw - TZ 
Tt - Tl 

temperature recovery factor, 

dynamic viscosity 
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P density 

U surface distance along model center line measured from midpoint of 
spherical nose - 

Subscripts : 

2 

e 

2 

L 

t 

T 

W 

aw 

co 

free-stream conditions immediately behind normal shock 

elevon 

local conditions 

laminar 

total 

turbulent 

wall 

adiabatic wall 

free-stream conditions 

A primed symbol denotes values for reference temperature. 

MODEL 

The heat-transfer model tested was the 8-inch version of the KL-10 config- 
uration used for the laminar tests reported in reference 1. 
the HL-10 heat-transfer model tested are given in table 1 of reference 1. 
dimensions are given in figure 1(a) and the model instrumentation is presented 
in figure l(b). 

Body ordinates f o r  
Model 

The thin-skinned, calorimeter, heat-transfer model was made of 0.031- 
inch-thick inconel sheet formed over a mandrel in two halves and then welded 
together. Details of the construction of the model and elevons may be found 
in reference 1. Photographs of the assembled model are shown in figure 2. 

For the roughness tests, number 40 steel grit was spot-welded around the 
nose of the model in six rings forming a roughness band 0.25 inch wide. 
average particle size (0.048 inch) is indicative of the roughness height. 
Closeup photographs of the roughness band are presented as figures 2(c) and 
2(d). The roughness band had a mean diameter of 0.50 inch and was centered 
approximately around the expected stagnation point for an angle of attack Of 30'. 
Iron-constantan thermocouples of number 30 wire (0.010-inch diameter) were spot- 
welded to the inner surface of the thin skin of the heat-transfer model at the 
locations shown in figure l(b). Most of the instrumentation is located on the 

The 
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center l i n e  of the model and along f i v e  spanwise s ta t ions  a t  
0.125, 0.250, 0.500, 0.750, and 0.950. 

x/c equal t o  

750 
850 
950 

1025 

TEST AND DATA REDUCTION 

7.59 . 0.35 x lo6 
7.83 1.16 

8.00 9.87 
* 7.95 3.98 

The model w a s  t es ted  i n  the Langley Mach 8 variable-density tunnel f o r  
which cal ibrat ion data a re  given i n  reference 2. 
two phases. 
pressure (80 t o  1000 lb/sq in .  abs) and discharging in to  a vacuum sphere. 
The second phase consisted of operating the  tunnel a t  a higher pressure 
(2500 lb/sq in .  abs) and discharging t o  the  atmosphere. 

The t e s t s  were conducted i n  
The model was i n i t i a l l y  tes ted  with the tunnel operating at  low 

Nominal tunnel conditions f o r  the t e s t s  are  given i n  the following table:  

80 
275 
1000 
2500 

~~ ~~ ~ * No ca l ibra t ion  data a re  available f o r  the tun -  
ne l  operating a t  2500 lb/sq in.; therefore,  a tunnel 
design Mach number of 8 was used. 

The model w a s  t es ted  with and without the roughness elements. All the  
t e s t s  which involved roughness were completed w i t h  the  g r i t  unaltered i n  order 
t ha t  the measured data would not vary as a r e s u l t  of the s i ze  and d is t r ibu t ion  
of the roughness elements. 

Heat-transfer data were obtained by means of a t rans ien t  calorimetry tech- 
nique. The tunnel w a s  brought t o  the desired operating conditions, and then 
the sting-mounted model was rapidly injected in to  the airstream by a pneumatic 
pis ton from an enclosed recessed posi t ion d i r ec t ly  under the t e s t  section. The 
time required f o r  the model t o  pass through the tunnel-wall boundary layer  and 
f o r  steady flow t o  be established over the model w a s  approximately 0.05 second. 
The model remained i n  the airstream f o r  a period of 3 t o  5 seconds. 
runs the model was cooled t o  room temperature by means of high-pressure air 
j e t s .  

Between 

Thermocouple outputs were recorded on magnetic tape a t  a r a t e  of 20 t i m e s  
per second by means of a high-speed analog t o  d i g i t a l  data  recording system. 
Heat-transfer coeff ic ients  were calculated from the following equation: 

4 

- dTW h =  
Taw - T, d t  
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The weight of the material  per un i t  surface area m w a s  determined from the 
density, measured skin thickness, and an allowance f o r  the surface curvature. 
The change i n  temperature with respect t o  time, required i n  equation (l), w a s  
obtained by first f i t t i n g  a second-degree polynominal curve by the method of 
l e a s t  squares t o  a group of 21 data points obtained over a period of 1 second. 
The equation f i t t e d  t o  t h i s  group of data points w a s  then d i f fe ren t ia ted  with 
respect t o  time and evaluated a t  the eleventh point on a card-programmed com- 
puter.  The heat-transfer coeff ic ients  were computed a t  a time approximately 
0.8 second a f t e r  model inject ion.  

The adiabatic-wall temperature required i n  equation (1) w a s  calculated 

from - Taw = qr + -(l TZ - T ~ )  where qr = 6 w a s  used f o r  the smooth model 
Tt T t  

t e s t s  and qr = w a s  used f o r  the t e s t s  with roughness. The Prandtl  num- 
ber w a s  taken t o  be 0.7. The loca l  temperature j u s t  outside the  boundary layer  
was estimated by assuming t h a t  the flow expanded isentropical ly  from the pres- 
sure behind a normal shock t o  the  Newtonian pressure a t  the point i n  question. 
In the leeward region the pressure w a s  assumed t o  be free-stream s t a t i c  
pressure. 

Estimates of the lateral conduction based on measured skin temperature 
d is t r ibu t ions  f o r  the most severe conditions of t he  t e s t s  show t h a t  the meas- 
ured heating may be low by as much as 12 percent a t  the stagnation point on the 
nose, 6 percent on the leading edge of the body, and 15 percent on the t i p  f i n  
leading edge. 
e r ro r  w a s  i n  general much smaller than t h a t  indicated previously. 

The data  a re  presented without correction since the calculated 

The measured heat-transfer coef f ic ien ts  are presented as the r a t i o  ' h/ho 
where ho i s  the  reference laminar stagnation-point heat-transfer coeff ic ient  
on a sphere having the  same radius as the  nose of the HL-10 model. The re fer -  
ence laminar heat-transfer coeff ic ient  was used i n  order t o  compare the 
present data with previous data ( r e f .  1) as well as t o  cor re la te  the laminar 
data of the present investigation. Values of ho were calculated f o r  the par- 
t i c u l a r  t e s t  conditions from the following equation, adapted from reference 3: 

ho 

ho = 0.763Npr00\2(- p2 -Ta5 du 
P2 ds 

The stagnation-point veloci ty  gradient was obtained 
theory f o r  the pressure d is t r ibu t ion  and i s  

(2)  

from modified Newtonian 

Calculated values of ho 
following t a b l e  : 

fo r  the nominal t e s t  conditions a re  shown i n  the 

5 
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Pt,  
lb/sq in .  abs 

80 
275 

1000 
2500 

R C  
hO, 

B t  u/ f t2 - s e c -OF 

0.24 x lo6 
* 77 

2.70 
6.58 

0.0111 
.0206 
' 0398 
.0617 

1 These values of ho a r e  from 3 t o  %percent  greater  than those predicted by a 
modified form of the Fay and Riddell equation ( ref .  4 )  f o r  t he  heat t r a n s f e r  t o  
the stagnation point of a blunt body i n  a perfect  gas. 
theory that  f o r  any given point the laminar heat-transfer coeff ic ient  hL and 
the laminar stagnation-point heat-transfer coeff ic ient  h, a r e  inversely pro- 
portional t o  the square root of the Reynolds number. 
the heating r a t i o  hL/ho i s  independent of Reynolds number. From turbulent 
theory the heat-transfer coeff ic ient  hT 

hT R-'15. Therefore, the parameter b / h o  i s  dependent upon Reynolds number 
f o r  turbulent flow and the dependence is  expressed by hT/ho = RO.3. 
dependence of the heating r a t i o  
must be accounted f o r  i n  the  application of the present turbulent data  t o  con- 
dit ions other than those tes ted.  

It can be shown from 

Thus, f o r  laminar flow, 

is  re la ted  t o  Reynolds number by 

This 

hT/ho on Reynolds number f o r  turbulent flow 

THEORY 

From reference 5 the  turbulent heating on a f la t  plate ,  i n  terms of l o c a l  
reference-temperature conditions, i s  

The loca l  turbulent Stanton number is, then 

and hence, ideal air being assumed, the equation f o r  the heat- t ransfer  coef f i -  
c i e n t  from turbulent s t r i p  theory i s  

6 
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Modified Newtonian theory w a s  used t o  obtain the l o c a l  pressures s ince it w a s  
shown i n  reference 4 t h a t  Newtonian theory w a s  i n  good agreement with the  meas- 
ured pressures on a blunt-nose d e l t a  wing f o r  the angles of a t t ack  of primary 
i n t e r e s t .  Local conditions of temperature and Mach number were based on stag- 
nation conditions behind a normal shock wave. Reference temperatures were 
determined from l o c a l  flow conditions by means of the following equation 
(ref.  6 )  

Values of l o c a l  Reynolds number were obtained by in tegra t ing  the  l o c a l  u n i t  
Reynolds number over the  surface distance along the  model center  l i n e  from the  
midpoint of t he  spherical  nose using the  following re la t ion :  

Heat-transfer coef f ic ien ts  were a l s o  calculated by using l o c a l  Reynolds numbers 
obtained from l o c a l  conditions a t  a point and the distance from the midpoint of 
t he  spherical  nose t o  t h i s  point .  However, the theo re t i ca l  heat- t ransfer  coef- 
f i c i e n t s  calculated by using the  integrated loca l  Reynolds numbers were i n  
b e t t e r  agreement with the  measured data  and thus a re  used i n  t h i s  report .  

RESULTS 

Flow Pat tern 

Side-view schl ieren photographs of the HL-10 model at various angles of 
a t tack  a r e  shown i n  f igures  3 and 4. It can be observed i n  f igure  3 t h a t  the  
shape and pos i t ion  of t he  bow shock, even i n  the v i c in i ty  of t he  t r a i l i n g  edge 
of the  model, i s  unaffected by elevon deflection of Oo, l5', and 30' a t  the  two 
highest  Reynolds numbers t e s t ed .  However, def lect ing the elevons did produce a 
shock Jus t  ahead of the  elevons. The weak shocks i n  the  regions just upstream 
of the  elevons are evidently caused by some small surface imperfection s ince the 
screws holding t h e  elevons t o  the  model are located i n  this  region. A compar- 
ison Of the  flow pa t te rn  f o r  t he  configuration, with and without roughness, i s  
shown i n  figure 4. 
t i o n  i s  indicated,  except possibly i n  the  immediate v i c i n i t y  of the  roughness 
locat ion.  

No apparent e f fec t  of roughness on the shock shape and posi- 

Distr ibut ion of Heating Along Center Line 

With roughness elements.- The r a t i o  of the measured heat- t ransfer  coeff i -  
c i en t  t o  the  calculated stagnation-point heat-transfer coef f ic ien t  h/ho along 
the  center  l i n e  of the  HL-10 with roughness is  presented i n  f igure  5 f o r  t he  
angles of a t t a c k  and Reynolds numbers tes ted .  Elevon def lect ions of Oo, 15', 
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and 30' were tested; however, only the data f o r  0' elevon deflection a re  pre- 
sented since they a re  representative of a l l  the elevon deflections.  Posit ive 
values of the parameter x/c indicate  distance along the lower center l i n e  
whereas distance along the upper center l i n e  i s  represented by negative values. 
The posit ion of the roughness band i s  indicated on the figures by the v e r t i c a l  
dotted areas. 
around the  nose. 
region (x/c = 0) ,  unexpectedly high heating r a t e s  were measured. 
icance can be attached t o  the  measurements under and adjacent t o  the  rough- 
ness and they w i l l  not be discussed fur ther ;  however, the data  are included 
f o r  completeness. 

The roughness band caused considerable interference loca l ly  
Even at the thermocouple located i n  the center of t he  nose 

No s ignif-  

The center-l ine d is t r ibu t ions  ( f i g .  5) of the heat-transfer r a t i o  are 
similar a t  al l  the Reynolds numbers tes ted .  
t ransfer  r a t i o  i s  t o  decrease with distance along the model center l i ne .  
ever, a t  t h e  two highest Reynolds numbers ( f ig s .  5 (c )  and 5 (d ) ) ,  in f lec t ions  
occur i n  the heat-transfer d i s t r ibu t ion  f o r  the high-angle-of-attack data. 

The general trend of the heat- 
How- 

Increasing the angle of attack, i n  general, increased the heat t ransfer  t o  
the lower surface and decreased t h a t  t o  the upper surface. 
general t rend occur a t  ( f ig .  5 ( c ) )  where the heat t r ans fe r  t o  
the forward portion of the model (0.1 < x/c < 0.5) w a s  highest a t  a, = 30° and 
the highest heat t ransfer  t o  the rearward portion of the model (0.5 < x/c < 1.0) 
occurred at a, = 400. 

Exceptions t o  t h i s  
Rc = 2.70 x lo6 

Increasing the Reynolds number by a fac tor  of 10 (see f i g s .  5(a) and 5 ( c ) )  
resulted i n  the heat- t ransfer  r a t i o  increasing by as much as 100 percent. 

Without roughness elements.- The chordwise var ia t ion of the  heat- t ransfer  
r a t i o  on the HL-10 without roughness i s  presented i n  f igure 6 f o r  a Reynolds 
number of 6.58 x I&, angles of a t tack  from 0' t o  bo, and elevon deflections 
of Oo, l5', and 30°. In general, increasing the angle of a t t ack  decreased the 
heat t ransfer  t o  the upper surface and increased t h a t  t o  the lower surface f o r  
the three elevon deflections tes ted .  The heat- t ransfer  r a t i o  on the lower sur- 
face decreased w i t h  distance along the model center l i n e  except a t  an angle of 
attack of 40' where a subs tan t ia l  increase i n  the  heating occurred over the 
rearward section of the model (X/C > 0.5) .  

Deflecting the elevons downward ( f ig s .  6(b) and 6 ( c ) )  had l i t t l e  e f fec t  on 
a = 40' the  the center-line heating except fo r  30° elevon def lect ion where a t  

heating on the  rearward half  of the model was lower than t h a t  f o r  0' and 1 5 O  
deflections. 

Spanwise Distr ibut ion of Heating 

With roughness elements.- The spanwise d is t r ibu t ions  of the  heat-transfer 
r a t i o  a t  f ive  chordwise s ta t ions  on the  HL-10 model with roughness a re  pre- 
sented i n  figures 7 t o  11. 
Reynolds numbers (based on root chord) of 0.24 x lo6, 0.77 x 18, 2.70 X 10 , 
and 6.58 X lo6, respectively.  

Parts (a), (b),  ( c ) ,  and (d )  of each f igure  a re  f o r  
6 

Elevon def lect ions of Oo, 1 5 O ,  and 30' were 

8 r -  



tested; however, only the  data f o r  6, = 0' 
t h a t  t he  other  def lect ion angles had l i t t l e  e f fec t  on the  heating t o  the lower 
surface. The heating on the  elevons i s  discussed i n  a l a t e r  sect i9n.  A t  
x/c = 0.125, t he  distance parameter s/% begins a t  t he  lower center  l i n e  and 
extends t o  the top center  l ine ;  a t  other chordwise s t a t ions  the data extends 
around the goo of arc  leading edge onto the  r e l a t ive ly  f la t  side of the  vehicle. 
(See f i g .  l ( b ) . )  x/c = 0.950 
includes the  thermocouples located on the lower elevon surface, a l so  extends 
around the t i p  f i n  and includes a thermocouple on the  leading edge of the t i p  
f i n  and one on the  inner surface of the  t i p  f in .  Cross sect ions and ins t ru-  
mentation d e t a i l s  a t  each s t a t i o n  a re  shown in f igure  l ( b ) .  

are  presented s ince it w a s  noted 

The d i s t r ibu t ion  of the  heat-transfer r a t i o  at  

The data  from f igures  7 t o  10 show peak heating occurred on the  leading 
edge of t he  model f o r  most t e s t  conditions. However, a t  x/c = 0.750 ( f i g .  10) 
and angles of a t t ack  of Oo and loo, the heating increased around the  leading 
edge t o  a maximum value on the  s ide of the  model. In  general, t he  peak heating 
increased with Reynolds number and decreased with distance from the  nose (x/c) .  
Similarly, the  heating l e v e l  on the  e n t i r e  lower surface increased as the 
Reynolds number increased and decreased toward t h e  t r a i l i n g  edge. The lower 
surface heating w a s  approximately constant i n  t he  spanwise d i rec t ion  at each 
chordwise s t a t i o n  with an increase i n  the region of t he  cy l ind r i ca l  leading 
edge. 

The e f f e c t  of angle of a t tack  on spanwise heat- t ransfer  r a t i o  i s  shown i n  
In general, t he  measured heating on the  p a r t s  ( c )  and (d)  of f igures  7 t o  10. 

lower surface and t h e  leading edge increased w i t h  increasing angle of a t tack.  
With increasing angle of attack, movement of the Newtonian stagnation l i n e  
toward t h e  lower surface results i n  a decrease i n  the heating t o  the side of 
t he  model. 

The spanwise heat- t ransfer  d i s t r ibu t ion  a t  x/c = 0.950, which includes 
the  heating t o  the  elevon surface, i s  shown in f igure  11 f o r  the  undeflected 
elevon. The l e v e l  of heating t o  the  elevon surface is  near ly  the  same as on 
t h e  lower surface center  l i ne .  In general, the point of maximum heating 
occurred on t h e  leading edge of the  t i p  f i n  and decreased with increasing 
angle of a t tack .  
occurred on the  cy l ind r i ca l  leading edge of the lower surface.  

However, a t  the  higher angles of a t t ack  the  m a x i m u m  heating 

Without roughness elements.- The measured spanwise d is t r ibu t ions  of heating 
a t  the  f i v e  chordwise measuring s t a t ions  a r e  presented i n  f igures  12 t o  16 f o r  
the  HL-10 model with zero roughness a t  a Reynolds number of 6.58 X 10 6 . Par ts  
(a), (b),  and ( c )  of each f igure are f o r  elevon def lect ions of Oo, 15O, and 30'. 
A t  most of the chordwise s ta t ions ,  the heat-transfer data  increased toward t h e  
leading edge, t h e  maximum heating occurring on the  s ide  of t he  model, and then 
decreased around the  s ide  of the model. However, a t  x/c = 0.750 ( f i g .  15) and 
low angles of a t t ack  (a 5 20°), maximum heating occurred on the  s ide of the 
model whereas a t  angles of a t tack  of 30' and 40°, the  m a x i m u m  heating occurred 
on the  leading edge. 

9 
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The spanwise heating on the  lower surface and cy l ind r i ca l  leading edge 
increased with angle of a t tack,  whereas the heating t o  the  s ide of the model 
decreased with increasing angle of a t tack.  

For the  spanwise s t a t ions  upstream of the elevon location, elevon deflec- 

a, = 40°, the  spanwise heating on the  lower 
t i o n  i s  seen t o  have l i t t l e  e f f ec t  on the  heating except at 
( f i g .  15) where f o r  
surface is  lower than t h a t  f o r  the other elevon def lect ions.  

x/c = 0.750 
6, = 30' and 

Figure 16 presents the  spanwise heat- t ransfer  d i s t r ibu t ion  a t  x/c 0.950 
f o r  the elevon def lect ions tes ted .  A t  t h i s  s t a t ion  the  maximum heating occurred 
on the  leading edge of the  t i p  f i n  f o r  angles of a t t ack  up t o  20' and decreased 
with increasing angle of a t tack.  A t  angles of a t t ack  of 30' and 40°, t he  max- 
imum heating occurred on the cy l indr ica l  leading edge f o r  the  undeflected ele- 
von whereas at elevon def lect ions of 13O and 30°, the  m a x i m u m  heating occurred 
on the elevons. 

DISCUSSION 

The object of t h i s  invest igat ion w a s  t o  obtain heating rates on the  HL-10 
f o r  a turbulent boundary layer .  
obtained over portions of the model w i l l  be shown from a comparison of the  data  
f o r  the model with and without roughness as w e l l  as from a comparison of t he  
data w i t h  turbulent s t r i p  theory. A comparison of t he  measured heat- t ransfer  
r a t i o s  h/ho f o r  the model, w i t h  and without roughness, i s  presented i n  f i g -  
ures 17 t o  23 f o r  the elevon def lect ions tes ted .  

The f a c t  t h a t  turbulent flow w a s  ac tua l ly  

The heat- t ransfer  data  f o r  the  smooth model used i n  the comparison f igures  
f o r  angles of a t tack  from 20' t o  60°, elevon def lect ions of Oo and 30°, and f o r  

6 6 Reynolds numbers from 0.24 x 10 t o  2.70 x 10 were obtained from reference 1 
where it w a s  shown t h a t  t he  heating w a s  laminar. The remainder of t he  data f o r  
t he  smooth model w a s  obtained from the  present invest igat ion.  From the  l e v e l  
and d is t r ibu t ion  of t he  data obtained i n  the  present invest igat ion on the  smooth 
model ( f ig .  l7), the  heating a l so  appears t o  be laminar except f o r  the  highest  
Reynolds number at angles of a t t ack  of TO0 and 40'. For these two cases the  
heating increases downstream of the  s t a t i o n  which suggests t ran-  
s i t i o n  f r m  laminar t o  turbulent flow. 
rates for the  model without roughness, except the two cases noted above, w i l l  
be considered t o  be laminar. 

x/c = 0.500 
In  the present analysis  a l l  heating 

It should be noted t h a t  f o r  a = Oo ( f i g .  l7), t he  chordwise heating on 
both the rough and smooth models increases near the t r a i l i n g  edge. However, it 
is  f e l t  t h a t  t h i s  phenomenon i s  not t he  result of t r a n s i t i o n  since the  loca t ion  
of the increase i n  heating does not move forward with increasing Reynolds num- 
ber  and s ince s i m i l a r  e f f ec t s  are not observed a t  higher angles of a t tack  as 
would be expected i f  t h i s  were t r ans i t i on .  

Elevon def lect ion had l i t t l e  e f fec t  on the  comparison of t he  da ta  f o r  the 
model with and without roughness; therefore  the  discussion of figures 17 t o  22 
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a t  t h i s  point  w i l l  be l imited t o  the data  f o r  the 0' elevon def lect ion.  
effect of elevon def lect ion on the heating t o  the smooth model w a s  discussed i n  
reference 1. This e f f ec t  on the  model with roughness w i l l  be discussed later.  

The 

Chordwise Heating 

A comparison of the chordwise heat-transfer r a t i o  fo r  t he  model with and 
without roughness i s  presented i n  f igure  17. 
roughness t o  the  model had l i t t l e  e f f ec t  on the measured heating f o r  the two 
lowest Reynolds numbers tested (& = 0.24 x 106 and 0.77 x lo6).  
work (ref.  1) has shown generally good agreement between the smooth model data 
and the  heating r a t e s  calculated by laminar cross-flow theory; thus, agreement 
of t he  rough and smooth model results indicates t h a t  a t  these low Reynolds nun- 
bers  the  boundary layer  on the  rough model remained laminar. 

The data show t h a t  the  addition of 

Previous 

For a Reynolds number of 2.70 x l&, t he  addi t ion of roughness t o  the  model 
i s  seen t o  have l i t t l e  e f f e c t  on heating a t  an angle of a t tack  of 0'; however, 
f o r  higher angles of a t t ack  up t o  40°, the  addition of roughness w a s  accompanied 
by a subs tan t ia l  increase i n  heating. This r e s u l t  suggests t h a t  t r ans i t i on  
occurred on the center l i n e  a t  x/c = O.'25O for  Rc = 2.70 x lo6. For angles 
of a t t ack  of 500 (data  not presented) and 60°, the data again show t h a t  t he  
addi t ion of roughness t o  the  model had l i t t l e  o r  no e f f e c t  on heating at  
Rc = 2.70 x 10 6 . 
t o  the model resu l ted  i n  a la rge  increase i n  heating f o r  a l l  angles of a t t ack  
t e s t ed  (a = 00 t o  a = 40'). 

For a Reynolds number of 6.58 x 10 6 , the  addi t ion of roughness 

Center-line heating rates calculated by turbulent s t r i p  theory f o r  angles 
A t  t he  lower angles of of a t t ack  of 40' or  less are a l so  shown i n  f i g u r e  17. 

a t t ack  (a 2 loo), the theory considerably overpredicted the  l e v e l  of the heating 
on the  rough model f o r  t h e  two highest  Reynolds numbers. The f a c t  t ha t  the  data 
are grea te r  than the  laminar values and l e s s  than those predicted by turbulent 
s t r i p  theory ind ica tes  t ha t  t he  data  may be t rans i t iona l .  A t  angles of a t t ack  
from 20' t o  40°, however, the higher Reynolds number data  a r e  i n  excellent 
agreement with the  turbulent theory, whereas the 
generally c loser  t o  the  turbulent  theory than t o  the smooth model results. 
t h e r  examination of the data i n  f igure 17 shows tha t  f o r  angles of a t tack  from 
0' t o  40°, t he  difference between the heating on t h e  rough and smooth models 
increases with increasing Reynolds number. As w a s  discussed earlier, the  param- 
e t e r  h/ho i s  dependent upon Reynolds number for turbulent  flow; thus, t h i s  
increase i n  t h e  heat- t ransfer  parameter with Reynolds number i s  fur ther  evidence 
of turbulence within the  boundary layer .  

Rc = 2.70 X lo6 data  are 
Fur- 

Based on these da ta  it i s  concluded that boundary-layer t r ans i t i on  occurred 
along the  center  l i n e  of the  lower surface of t he  rough model j u s t  downstream 
of the  roughness elements f o r  Reynolds numbers of 2.70 X 10 6 and 6.58 X 10 6 
throughout t h e  angle-of -attack range of primary i n t e r e s t  f o r  t h i s  vehicle 
(20' 5 a 5 bo). 
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Spanwise Heating 

The effect  of roughness on the spanwise heat-transfer r a t i o  at each of t he  
chordwise stations i s  shown i n  figures 18 t o  22 fo r  the Reynolds numbers tested.  
A t  Reynolds numbers of 0.24 x 106 and 0.77 x 106, l i t t l e  effect  of roughness on 
the heating, par t icular ly  at the more rearward s ta t ions (x/c 5 0.500), i s  indi- 
cated in these figures. 
smooth model was laminar; therefore, at  these low Reynolds numbers the heating 
on the rough model is a l s o  laminar. It i s  interest ing t o  note that the addition 
of roughness had l i t t l e  e f fec t  on the heating rates provided the boundary layer  
remains laminar. 
ure 17 which showed tha t  turbulent flow did not ex i s t  on the model at these low 
Reynolds numbers. 

It has been shown previously tha t  the heating on the 

This resu l t  i s  i n  agreement with the chordwise data of f ig-  

Similarly, at R, = 2.70 x lo6 ( f igs .  18 t o  22), the spanwise data on the 
rough model are  i n  agreement w i t h  tha t  on the smooth model at angles of a t tack 
of Oo and loo except fo r  small regions (x/c 5 0.250) where localized disturb- 
ances associated with the roughness elements result i n  higher heating ra tes .  
However, a t  
over the en t i re  lower surface with the exception of a region near the t r a i l i n g  
edge. 

R, = 6.58 x lo6, higher heating was encountered on the rough model 

A t  angles of attack of 20° and 300, the large difference i n  the heating on 
the rough and smooth models indicates tha t  turbulent flow existed on the en t i re  
lower surface f o r  A t  these angles of attack, turbulent flow 
also existed on portions of the cyl indrical  leading edge fo r  the foremost sta- 
t ions (0.125 5 x/c 5 0.500). 
22), the heating on the cylindrical  leading edge appears t o  be laminar since 
the data for  the rough and smooth models are  i n  agreement. 
angle of at tack of 40° show tha t  the heating was laminar over the en t i re  span 
at  the most forward station. A t  
the center l ine,  whereas at  the more rearward stations,  a region of turbulent 
flow spreads outward from the  center l i n e  u n t i l  at  
turbulent over the en t i re  span of the lower surface and par t  of the cyl indrical  
leading edge. 
of roughness on the  heat t ransfer  f o r  the model i s  shown. This resu l t  i s  
thought t o  be caused by strong crossflow components which probably ex i s t  i n  the  
nose region of the model a t  these high angles of attack and cause the disturbed 
boundary layer t o  flow i n  a spanwise rather  than a chordwise direction. Thus, 
the portion of the boundary layer which has passed over the roughness elements 
i s  probably removed from the lower surface before it can influence the down- 
stream heating. 

Rc = 2.70 x 106. 

However, at  x/c = 0.750 and 0.950 ( f igs .  21 and 

The data at  an 

x/c = 0.250, t rans i t ion  becomes evident on 

the f l o w  is  x/c = 0.950 

A t  angles of a t tack of 50' (data not shown) and 60°, no effect  

A t  R, = 6.58 X lo6 and angles of a t tack of 20° and 30°, the data show a 
large increase i n  heating on the model with roughness, which indicates tha t  the  
boundary layer  was turbulent. 
tha t  at  the most forward s ta t ions (x/c 5 O.25O), the  region of turbulent flow 
extends outward from the center l i n e  covering the  en t i r e  lower surface and pa r t  
of the cylindrical  leading edge. For the more rearward s ta t ions (x/c > 0.250), 

A close examination of figures 18 t o  22 shows 

12 

U NCLASSJ F! C D 



the region of turbulent flow extends around the leading edge and well onto the 
s ide of the model. 
is  turbulent over the en t i r e  lower surface and most of the cyl indrical  leading 
edge for  chordwise s ta t ions upstream of 
line a t  
c a l  leading edge at x/c 
approximately the same. This phenomenon i s  probably the resu l t  of a region of 
turbulent flow on the smooth model indicated previously; t h i s  region starts at  
the center l i n e  a t  
the more rearward s ta t ions.  

The data show tha t  a t  an angle of a t tack of 40° the heating 

x/c = 0.750. However, on the center 
x/c = 0.750 and on the en t i re  lower surface and par t  of the cylindri-  

0.950, the heating on the rough and smooth models i s  

x/c = 0.730 and spreads outward from the center l i n e  at 

Elevon Heating 

A comparison of the data on the model w i t h  roughness in  par t s  (a), (b),  
and ( c )  of figures 17 t o  22 shows tha t  elevon deflections of 15' and 30° had 
l i t t l e  e f fec t  on the heat t ransfer  t o  the adjacent surface of the model. 
chordwise dis t r ibut ions of heat-transfer r a t i o  on the elevons are  presented i n  
figure 23 fo r  the deflection angles tes ted  where only the data f o r  Reynolds 
numbers of 2.70 X 10 
numbers the heating on the rough model was approximately the same as tha t  on the 
smooth model as reported i n  reference 1. 
increased with angle of a t tack and with elevon deflection. 

The 

6 6 and 6.58 X 10 are  presented. A t  the  two lowest Reynolds 

The level  of heating on the elevons 

A t  R, = 2.70 x 106 ( f i g .  23(a))  l i t t l e  effect  of roughness i s  shown a t  
angles of a t tack of Oo and 20° f o r  the elevon deflection angles tes ted.  
angle of a t tack of 40°, the elevon heating on the rough model w a s  approximately 
twice tha t  on the smooth model fo r  elevon deflections of 0' and 15O; however, 
for  an elevon deflection of 30° the heating was considerably higher on the 
smooth model. 

A t  an 

In reference 1 it w a s  shown tha t  the laminar  boundary layer on the smooth 
model probably separated from the model surface upstream of the deflected ele- 
von. 
probably did not separate from the model surface. If the separated boundary 
layer  on the smooth model becomes turbulent before reattachment, the heat trans- 
f e r  i n  the region of reattachment could be higher than the heat t ransfer  fo r  
attached turbulent flow and would explain the difference between the heating on 
the  smooth and rough models. A t  R, = 6.58 x lo6 roughness had l i t t l e  e f fec t  
on the heating over the elevon. 

However, the boundary layer  on the model with roughness was turbulent and 

Heat Transfer t o  Tip Fin 

The heat t ransfer  t o  the leading edge of the t i p  f i n  presents a consider- 
ably greater  problem f o r  a turbulent boundary layer  than fo r  a laminar One. 
highest heat t ransfer  measured on the leading edge of the t i p  f i n  occurred a t  
an angle of a t tack  of 0' f o r  the highest Reynolds number tes ted (see f ig .  22) 
and was approximately 10 percent higher than the calculated laminar stagnation- 
point heating r a t e .  
i n  heating over t ha t  f o r  the smooth model. 

The 

This value represents approximately a 70-percent increase 
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CONCLUSIONS 

A model of a manned l i f t i n g  en t ry  vehicle designated the  HL-10 has been 
tested w i t h  and without roughness elements a t  a Mach number of 8, four  Reynolds 
numbers f r o m  0.24 x 10 
and angles of a t tack  from 0' t o  60'. From a comparison of t he  heating rates on 
the model with roughness with those on the  smooth model as well  as a comparison 
w i t h  turbulent s t r i p  theory, t he  following conclusions were obtained: 

6 t o  6.58 x lo6, elevon def lect ions of Oo, 15', and 30°, 

1. The roughness around the  nose of t he  model caused boundary-layer transi- 

The 
t i o n  near the  roughness locat ion at  angles of a t t ack  from 20° t o  40' a t  free- 
stream Reynolds numbers (based on root  chord) of 2.70 x 106 and 6.58 X lo6. 
turbulent heating r a t e s  measured fu r the r  rearward along the  center  l i n e  are i n  
good agreement with a simple turbulent  f l a t - p l a t e  theory i n  heating leve l ,  d i s -  
t r ibut ion,  and var ia t ion  with Reynolds number. 

2. Elevon def lect ions of l 5 O  and 30° had l i t t l e  e f f e c t  on the  heat t rans-  
f e r  t o  t he  rough model adjacent t o  the  elevon locat ion.  

3 .  In general, the  roughness had l i t t l e  e f f e c t  on the  heating over t he  
elevons. 
ber  (based on root chord) of 2.70 x 106, the  elevon heating on the  rough model 
w a s  approximately twice t h a t  on the  smooth model f o r  elevon def lect ions of 0' 
and l 5 O .  

However, a t  an angle of a t t ack  of 40' and a free-stream Reynolds num- 

4. The highest  heat t r ans fe r  on the  leading edge of the t i p  f i n  of t he  
rough model occurred a t  an angle of a t t ack  of Oo f o r  a Reynolds number of 
6.58 X lo6 and w a s  approximately 10 percent higher than the  calculated laminar 
stagnation-point value. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 5, 1965. 
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(a) Bottom view. 

-- -11 "i _ L w - - m *  

(b)  Top view. 

F i g u r e  2.-  Photographs of HL-10 heat-transfer model. 

3 %  

L-64-3055 



U NCLASS 1 F I ED 

(c) Side view of HL-10 with nunber 40 steel grit roughness. 

(a) Front view of HI,-10 with number 40 steel grit roughness. L-65-56 

Figure 2.- Concluded. 
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a = 20' 

N o  s c h l i e r e n  available. 

6, = 15' 

(b)  R, = 6.58 X lo6. 

Figure 3.- Concluded. 

0 a = 40 

L- 65 -58 
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-.L -.2 0 .2 .L .6 .8 1.0 

X / C  

(a) Q = 0.24 x lo6. 

Figure 5.- Center l i n e  d i s t r ibu t ions  of heat-transfer r a t i o  on HL-10 with roughness 
a t  angle of a t tack .  6, = Oo. 
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(b) R, = 0.77 X lo6. 

Figure 5.- Continued. 
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( c )  Rc = 2.70 x lo6. . - '  

Figure 5.- Continued. 
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(d) Rc = 6.58 x lo6. 

Figure 5.- Concluded. 
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( a )  6, = 0'. 

Figure 6.- Variation of heat- t ransfer  r a t i o  on a-10 without roughness at angle of a t tack.  
R, = 6.58 x lo6. 
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(b) 6, = 15O. 

Figure 6.- Continued. 
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(c) 6, = 30°. 

Figure 6 .  - Concluded. 
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(a) R, = 0.24 x lo6. 

.8 1.2 1.6 2 .o 2.1 0 .L 
S/D, 

(b)  R, = 0.77 x 106. 

Figure 7.- Spanwise d i s t r ibu t ions  of heat- t ransfer  r a t i o  on HL-10 with roughness 
a t  angle of a t t ack  a t  s t a t i o n  x/c = 0.125. 6, = 0'. - 
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8/41 

(a) R, = 0.24 x 106. 

0 .L 1.2 1.6 2.0 2.4 

81% 

(b) R, = 0.77 X lo6. 

Figure 8.- Spanwise distribution of heat-transfer ratio on HL-10 with roughness 
at angle of attack at station x/c = 0.250. 6, = 0'. 
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(c) R, = 2.70 X 106. 
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(a) R, = 6.58 x lo6. 

Figure 8.- Concluded. 
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(b) Rc = 0.77 X lo6. 

Figure 9.- Spanwise d i s t r ibu t ions  of heat- t ransfer  r a t i o  on HL-10 with roughness a t  
angle of a t t ack  a t  s t a t i o n  x/c = 0.500. 6, = 0'. 

UNCLASSIFIED 



t 

UNCLASSIFIED 
0- 

.4 

.3  

- .2 
h0 

.1 

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 
s/D, 

( c )  R, = 2.70 X lo6. 

.5 

.4 

.3  

h - 
ho 

.2 

.1 

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 
s/D, 

(d)  R, = 6.58 x lo6. 

Figure 9 .  - Concluded. 
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0 .4 .8 1.2 1.6 2 .o 2.4 2.8 3.2 3.6 
S/D, 

(a) R, = 0.24 x 106. 

3.6 

(b) R, = 0.77 X 10 6 . 
Figure 10.- Spanwise distributions of heat-transfer ratio on HL-10 with roughness at 

angle of attack at station x/c = 0.750. 6, = 00. 
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( c )  % = 2.70 X 106. 

0 .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 

s/D, 

(d) = 6.58 x lo6. 

Figure 10. - Concluded. 
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(a) R, = 0.24 x 106. 

.5 

.4 

.3 

h - 
h0 

.2 

.1 

0 .5 1 .o 1.5 2.0 2.5 3 .O 3.5 4 .O 4.5 5 .O 

S/D, 

6 (b) Rc = 0.77 X 10 . 
Figure ll.- Spanwise distributions of heat-transfer ratio on HL-10 with roughness at 

angle of attack at station x/c 0.950. 6, = 0'. 
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Figure 11. - Continued. 
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(d) Rc = 6.58 x 106. 

Figure 11.- Concluded. 
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Figure 12.- Spanwise distribution of heat-transfer ratio on HL-10 without roughness at 
station x / c  = 0.125. R, = 6.58 X lo6. 
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S/D, 

(a) 6, = oO. 

dD, 

(b) 6, = 15O. 
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s/D, 

(c) 6, = 30°. 

Figure 13 . -  Spanwise distribution of heat-transfer ratio on HL-10 without roughness at 
station x/c = 0.250. R, = 6.58 x 106. 
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( e )  6, = 30'. 

Figure 14. - Spanwise distribution of heat-transfer ratio on HL-10 without roughness at 
station x / c  = 0.500. R, = 6.58 x lo6. 

45 

.U NCLASS! FI ED 



U N CLASS I F I ED 

0 4 8 1.2 1.8 2.0 2.4 2.8 3.2 3.6 
dDn 

(a) 6, = 0'. 

S/D, 

(b) 6, = 15'. 

3 

2 

h - 
ho 

1 

0 
0 4 8 1.2 1.6 2.0 2.4 2.8 3.2 3.8 

I 4  

(c) 6, = 30'. 

Figure 15.- Spanwise distribution of heat-transfer ratio on HL-10 without roughness at 
station x/c = 0.750. R, = 6.58 x 106. 

46 

U N CLASS I F I ED 



m S I F I E D  

.9 

.? 

.6 

.5 

h 
ho 

.4 

.3 

.2 

.1 

0 

0 .5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

J% 

(a) 6, = @. 

Figure 16. - Spanwise distribution of heat-transfer ratio on EL-10 without roughness at 
station x/c 0.950. R, = 6.58 X lo6. 

47 



48 

.9 

.E 

.7 

.6 

. 5  

4- 
ho 

.4 

. 3  

.2 

.1 

0 
0 . 5  1.0 1 .5  2.0 2.5 3.0 3.5 4.0 4.5 5.0 

a/% 

(b) 6, = 15'. 

Figure 16.- Continued. 

UNCLASSIFIED 



1.0 

.9 

.8 

.? 

.6 

JL .5 
ho 

.4 

.3  

.2 

.1 

0 

% m S S  1 F I ED 

3.5 4.0 4.5 5.0 1.0 1.5 2.0 2.5 3.0 0 .5 

a b ,  

( c )  6e = 90. 

Figure 16.- Concluded. 

U N CLASS1 FI ED 
49 



a = Oo 

2 41 

4 

2 

1 

h/h 

.1 

.Ol 

-2 
' a 2 30° 6 

4 
3 

1 I I 

a = loo 

A 

Smooth 

. 

. 
Ref. 1 

Present 
data 

0 Turbulent 
8 -1 strip ' t h e o r y  

a = 40° 

4 
3 

I I I 1 

a = 200 

L 

> 

0 .25 .50 .75 1.0 0 .25 .50 .75 1.0 0 .25 .50 .75 1.0 
x / c  x /c x /c 

(a) be = 0'. 

Figure 17.- Effect of roughness on variation of heat-transfer ratio along model center line. 

U NCLASSlFlED 



a = Oo r-- 
1 0  

0 1 

.01- 

u !  SSlFlED 

r 
a = loo 

I I I I 

--I 
a = 40° 

Rcx 1 0-6 
0.24 

a = 20° i 

Smooth 
0 
0 
0 
A _I} T u r b u l e n t  ' 

s t r i p  t h e o r y  

1 N o  d a t a  a v a i l a b l e .  

I 
0 .25 .50 .75 1 . 0  0 .25 .50 .75 1.0 0 .25 .50 .75 1 . 0  

x /c x/c x /c  

(b) 6, = 15O. 

Figure 17.- Continued. 

UNCLASSIFIED 



.01 

No d a t a  a v a i l a b l e .  - 

1 I I 

.001- - ' a 2 30' 4 

52 

1 

t 
t 
t 

' a 1 100 I I 

h 
3 

4 I I I 

B 
0.24  
0.77 
2.70 
6 .58  

- I I I 

.- 

a = Z O O  -I 

A 

.25 .50  .75 1 .O 0 .25 .so .75 1 .O 0 .25 . 5 0  .75 1 .O 
x /c x /c x/c 

( c )  6, = jOO. 

Figure 17. - Concluded . 

U N CLASS I F I ED 



a = Oo a = l o o  

P r e s e n t  a 
d a t a  

*3 l -  * A 

h '  - 
h0 

A 

0 0  

00, 

a = 30° 

s/on 

7 L,ower s u r f a c e  

a = 40° 

I I 

0.5 1.0 1.5 2.0 2 
d o ,  

a = 20° r 

I 0 
I I I I 

a = 60° 

5 
I I ! 

0 0 .5  1 . 0  1 .5  2 .0  
s/Dn 

(a) 6, = 0'. 

Figure 18.- Effect of roughness on spanwise variation of heat-transfer ratio 
at x / c  = 0.125. 

53 



A 

A 

-~ 

1- 6 

a = 30° 

-6 7 
I 

54 

a = l o o  
1-1 I I 

Lower s u r f  a c e  

A edge 

e'+ I 4 
Cylindrical leading 

a = 40° 

\j I I I 

0 0.5 1.0 1.5 2.0 2 

s/Dn 

0 (b) 6, = 15 . 
Figure 18. - Continued. 

a = 20° 

r7---- 

- 
a = 60° 

0 0 . 2 4  __- -- 
0.77 - - - ] R e f .  1 0 
2.70 ~p - 

P r e s e n t  A 6 . 5 8  _ _  
data 

5 

No data available. 

I I I I - 
0.5 1.0 1.5 2.0 : 

s/Dn 

I J 1\1 C L AS s I F I F 0 



. 6  

.5  

.4  

.3 
h 

ho .2 

.1 

no  

0 0  

a = Oo -- 

a A *  
n 

I I I I I 

a = 30° 

.7 r--- 

.5  '"1 - A 

* O b  015 1 : O  115 2jO 2 

s/on 

a = l o o  
I I I I 

A 

a 

I I 
V 

I I I l 

a = 40° 

.ower s u r f  a c e  

C y 1  i ndr  i c a l  l e a d  i ng 
edge 

L+-- - r---  4 

a 

/'J 
/\4 

e !  I I 

0 . 5  1.0 1.5 2.0 2 

d o ,  

( c )  Se = 30'. 

Figure 18.- Concluded. 

a = 20°  

h '  I I 

A 

I I I I 

a = 60°  

6 . 2 4  0 
o.77  _ _ _ _  -\ R e f .  1 C] 

C 
P r e s e n t  -1 

2 . 7 0  ~ 

6 . 5 8  -- 

- - I  

d a t a  

~ 

5 

No d a t a  a v a i l a b l e .  

A I A I  

I I I 

' 0.5 1.0 1 .5  2 . 0  : 
s/On 

5 

55 

UNCLASSIFIED 



UNCLASSIFIED 
'- 

I I I I I 

R C x 1 O m 6  Smooth Rough 
0 - 0 . 2 4  

- 1 R e f .  1 
0 

0.17 
2.10 

- - -  present^ 6 . 5 8  

_- 

d a t a  

.5  I I I I 

.\ a 
/ 

. 4  

. 3  

. 2  

.1 
h 
ho A 0  
- 

L o w e r  s u r f  ace 
00 

C y l i n d r i c a l  leadin 

00 - 
a = 30° 

. 4  

.1 

a = 40°  

a = 20°  
I ' AI 

I I 

/? f *\ 

a = 6 0 °  

1 1  
015 1 : O  115 2 .0  2 .  O0 d 

s /Dn  

5 
I I I I 1 1 
0 0 . 5  1.0 1 . 5  2 . 0  2 .  

S / D n  

5 
I I 1 I I 
0 0 . 5  1 . 0  1 . 5  2 . 0  2 . 5  

s/D, 

(a) tie = 0'. 

Figure 19.- Effect of roughness on spanwise variation of heat-transfer ratio 
at x/c = 0.250. 



.5 

.4  

. 3  
h - 
h o  .2 

.1 

a = O o  

U NCLASSI FI ED - 
I I I 

a A  A 
a a 

4 
00, 

a = 30° .6 
A ~ 

.5 f A 

l 
a 

. A  t 

. 3  
h - 
h o  .2 

.1 

0 0  u 
0 0.5 1.0 1.5 2.0 i 

s/Dn 

a = loo 
.ow;e; sur'face ' 

' , - I  
Cylindrical leading 

e d g e  

I 

A 
3 

a 

,,,/-%< A n 

-\ 1 ' 0 0  . 

0 
0 0 

I I I I 

a = 40° 

G 

5 
L I I I I 

0 0.5 1.0 1.5 2.0 2 
S/O" 

(b 

Figure 

5 

6, = 15O. 

19. - Continued. 

a = 20° 
I I I I a a 

A 

2,~10-6 Smooth R o u g h  
0 

0.77 -\Ref. - - - - - - -  1 0 
2.70 ~ -, 0 
6.58 Present a 

data 

No data availabe. 

0.5 1.0 1.5 2.0 2.5 
s/U n 

57 

* UNCLASSIFIED 



UNCLASSIFIED 

A A  A 
A A 

a = 30° 
I I - 1  .6 

A 

A ::I A 

0 0  L I I L I  
0 0.5 1.0 1.5 2.0 2 

s/o, 

5 

58 

a = loo 

C y l i n d r i c a l  leading 

a = 40° 

0 0.5 1.0 1.5 2.0 
s/o, 

(c) se = 30°. 

Figure 19.- Concluded. 

a = 20° 
I f i l  

I I 

A 
A 

a = 60° 
7- 

,x10-6 Smooth Roug l  

0.77 - - - - - - -  
2.70 ~- 3 P r e s e n t  a 6.58 

0.24  - - - ) R e f .  1 0 

data 

5 

N o  data available. 

-II- 

I I I I .  

0.5 1.0 1.5 2.0 
s/u, 

UNCLASSIFIED 



UN LASSIFIED 4 

0 

-I- 
C 
w m  
ln+ 
W d  
L-a 
a 

I 

0 
0 
II 

UJ 
a, 

d 
v 

59 

U N CLASS1 FlED 



60 

1 '  

0 
0 
W 

I I  

U 

m 
d C  rl - m l d  rl 

w n  d 

CI 

m l d  
u)' 

R 
d 

m L O  ._ 

> 
ld 

d 
-P 
ld 
-0 

0 
z 

o -+-om 
d NrCP-Ln x . . . .  
0 0 0 N W  

LL 

'? 

9 

m 

m 

In 

N 

0 

N C  
0 
\ 

'? "  
I+ 

0 

rl 

In 
0 

0 

r 

0 
0 
m 
I 1  4 
U a 

4 

a 

p -: 
!O In _ .  

N 

0 - 
oC 
\ 

I n m  
rl 

0 

d 
- 

In 

0 
7 .  

l o  
In 

UNCLASSIFIED 



In 

r- 

0 
0 
(D 

II 

8 

In 
w -  
rl N 
Q 
ai 
rl 0 

I a i  

ai \ 
In*  

ai rl 
c) 
ai 
-a 0 

- 

- - .- 

> OK 

- _ .  

0 
0 * 
I f  

a 

0 
0 
m 
II 

8 

I -  

4 , 

a 
I 

3 

m 

0 

m 
- 

In 

N 

0 

N C  

_ .  

- 

a 
-?> 
rl 

0 

rl 
_ .  
In 

0 
- 

-0 

In 

m 

0 

m 

In 

N 

0 

r' OK 
\ 

I n *  

rl 

9 
rl 

Lo 

0 

D 

61 

' UNCLASSIFIED 



0 
0 

II 

u 

Q 

0 *r-oco 
d Nr-+Lo 
)( . . . .  
000N(D 

I 

( z ,  I L 1 I 0 
0 
m 
I 1  

u 

Lo 

0 

9 
m 

Lo 

N 

0 

N C  
0 
\ 

v 1 "  
d 

0 

I+ 

Lo 

0 

0 

v1 
m 

0 

m 

Lo 

N 

9 
d 
\ 

L o u )  

rl 

0 

d 

v1 
0 

0 

62 

U NCLASSI Fl ED 



0 
0 
N 

11 

E) 

0 
0 
rl 

I1  

8 

't. 0 N d 0 0 
' " 0  

SSlFlED 

0 
0 
W 
I1 

8 

Lz 

0 

0 d - + o m  
d N+I-rJ x . . . .  
0 0 0 N W  lx 

I Io 

In 

Lo 

0 In 
rl 
II 

lo P) 

h 

P 
v 

U NCLASSlFlED 



W S  I F I ED 

r- 

\1 

.c 

Y O l I O  4 

LL 

a 
?l 
0 
m 
?l 

m 
> 
m 
m 
4- 
m 
U 

.- 
0 
0 
N 

I 1  

8 

0 
0 
(D 

II 

6 

0 
0 
d. 

I 1  

6 

0 
0 m 
I 1  

a 

D 

0 d . r - o o D  
rl Nl-l-In x . . . .  

O O O N W  
LL 

0 
z 

P c 

i 

-. 

4 
a 
a 

4 

I 
m 

0 
0 

I, 

6 

0 
0 ‘ 1 0  

L I co 

64 

U N CLASS I F I E D 



a = 0”  
1.1 I I A 

1.0.- 

. 9 -  

.8 
- 

a = 30° 

S/On 

a = loo 
I I I 

4 I 

I I I 

a = 40° 

a = 20° 
I 

1 ~ ~ 1 o - G  Smooth Rough/ 
6.24  0 
0 . 7 1  - - -  1 R e f .  1 ri 

0 
P r e s e n t  1 

2.70 
6.58 

. -  
~ ._ 

d a t a  

I- E l e v o n  C T i p  f i n  

i.’ 3 

I 

0 1.0 2.0 3.0 4.0 5.0 0 1.0 2.0 3.0 4.0 ! 
s/Dn s /on 

. o  

(a) 6e = 0’. 

Figure 22.- Effect of roughness on spanwise variation of heat-transfer ratio at x/c = 0.950. 
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